Novel, unitized structures with porous Ti6Al4V alloy on one side and compositionally graded, hard CoCrMo alloy surface on the other side have been fabricated using laser engineered net shaping (LENS™) process. Gradient structures with 50%, 70% and 86% CoCrMo alloy on the top surface showed a high hardness in the range of 615 and 957 HV. The gradient structures were evaluated for their in vitro wear rate and Co release up to 3000 m of sliding distance. The wear rate of ultrahigh molecular weight polyethylene and 100% CoCrMo alloy substrates was found to depend on the hardness and microstructural features of the counter surface rubbing against them. In general, the wear rate of both the substrates increased with a decrease in the CoCrMo alloy concentration on the top surface of gradient pins. However, the wear rate of gradient pins was lower than 100% CoCrMo alloy pins due to their high hardness. Lowest wear rate in the range of 5.07 to 7.99 × 10 −8 mm 3 /Nm was observed for gradient pins having 86% CoCrMo alloy on the top surface. The amount of Co released, in the range of 0.38 and 0.91 ppm, during in vitro wear testing of gradient structures was comparable to that of 100% CoCrMo alloy (0.25 and 0.77 ppm). Present unitized structures with open porosity on one side and hard, wear resistant surface on the other side can minimize the wear-induced osteolysis and aseptic loosening, and eliminate the need for multiple parts with different compositions for load-bearing implants such as total hip prostheses.
Introduction
The high wear rate of ultrahigh molecular weight polyethylene (UHMWPE) liner used in traditional hip replacements is a cause of serious concern due to osteolysis. Osteolysis and aseptic loosening have been identified as major factors limiting the life of hip prostheses. Fine ultrahigh molecular weight polyethylene (UHMWPE) wear debris [1, 2] , generated primarily at the interface between the femoral head and the acetabular cup, promotes this degradation. Such wear-particle-induced bone loss is considered one of the key factors affecting the long-term stability of UHMWPE liner-based total hip replacements and other loadbearing implants [3, 4] . Several attempts have been made to minimize the wear-induced osteolysis including the use of design modifications [5] , UHMWPE property modification [6] and alternative bearing couples, such as metal-on-metal and ceramic-on-ceramic, eliminating the use of UHMWPE [7, 8] . Among these approaches, metal-on-metal is a popular one. However, current multi-component load-bearing metal-on-metal hip implants suffer from low dynamic stability, interlocking mechanism problems, and possible malpositioning of the components during surgery including complicated/lengthy surgical procedures. Despite numerous literature documenting lower dislocation rates in association with enhanced soft-tissue repair techniques and the use of largediameter femoral heads [9] [10] [11] [12] , hip instability/dislocation was the primary indication reported for a large percentage (22.5%) of revision total hip arthroplasty procedures [13] . Therefore, improved stability for enhanced longevity is still an important performance criterion in the development of orthopedic prostheses necessitating the development of innovative designs and the use of unitized/mono-block implants.
Considering implant design and manufacturing, there is a growing interest in the fabrication of novel structures to mimic multiple tissues and tissue interfaces on the same implant, such as implants with gradients in porosity and pore sizes that will allow on one side of the implant high vascularization and direct osteogenesis, while promoting osteochondral ossification on the other. In this direction, innovative designs such as functionally graded acetabular shells with open porosity on one side in contact with the bone to improve cell-material interactions, and a hard ceramic/alloy coating on the other side in contact with UHMWPE liner to reduce liner wear can significantly improve the implant's in vivo life. The benefit of using such unitized structures for metal-on-metal configuration is obvious such as the ability to use the larger femoral head diameter for a given acetabular diameter, which not only increases the range of motion and reduces the risk of dislocation, but also optimizes the tribology for decreased wear for this bearing couple [14, 15] . We have successfully fabricated and evaluated in vitro biocompatibility of compositionally and structurally graded CoCrMo-Ti6Al4V [16] , TiO 2 -Ti [17] and ZrO 2 -Zr-Ti [18] unitized structures using laser engineered net shaping (LENS™) to minimize wear-induced osteolysis. Other load-bearing implant design concepts that can potentially be implemented via LENS™ processing can be found in [19] .
Our earlier work [16] showed that functionally graded, hard CoCrMo alloy coatings on porous Ti6Al4V alloy can significantly increase the surface hardness without deleterious effects on in vitro biocompatibility. During microstructural analysis, notable changes were observed in the morphology and scale of the CoCrMo alloy phase as the concentration of CoCrMo alloy in the top surface of the gradient structures was increased [16] . It is generally accepted that the wear resistance of any alloy is primarily governed by microstructural features, such as the amount, morphology and distribution of hard particles in the matrix. Therefore, in the present investigation, in vitro wear performance and metal ion release rate of CoCrMo-Ti6Al4V gradient structures with different CoCrMo alloy concentrations in the top surface were evaluated. The wear rate and Co metal ion release were determined for these gradient structures rubbing against UHMWPE and 100% CoCrMo to simulate different articulating conditions.
Material and methods

Gradient sample fabrication
Ti6Al4V alloy powder (Advanced Specialty Metals, Inc., Nashua, NH) with particle size between 50 and 150 μm and CoCrMo alloy powder (Stellite Coatings, Goshen, IN) with 50-100 μm particle size was used in this study. Gradient samples of 10 mm diameter were fabricated on a substrate of 3 mm thick rolled, commercially pure Ti plates using LENS™-750 (Optomec Inc. Albuquerque, NM) equipped with a 500 W Nd:YAG laser and a double powder feeder system. Samples were fabricated in a glove box containing argon atmosphere with O 2 content less than 10 ppm to limit oxidation of alloys during processing. Gradient pins with 50%, 70% and 86% CoCrMo alloy on the top surface were made at 450 W laser power and 22.5 mm/s scan speed. These compositionally graded structures consisted of porous (~30% porosity) 100% Ti6Al4V alloy in the first six layers. The composition in the transition region of the gradient structure was varied from 100% Ti6Al4V alloy at the first layer to various concentrations of CoCrMo alloy at the top layer over 5-6 layers. The porous region of the first six layers of Ti6Al4V alloy was made at 200 W (to create 30% porosity) and the remaining layers were made at 450 W to achieve fully dense structures in the transition region and the top surface of the gradient structures. In the transition zone, the powder feed rate for CoCrMo alloy increased from 0 to 46.5 g/min over the number of transition layers. For Ti6Al4V alloy, it was 17.5 g/ min to start with and reduced to 0 g/min over the same number of layers. Complete process details and optimization details are provided in [16] . For comparison, 100% CoCrMo alloy pins (ϕ 10 mm, 15 mm height) and 18 mm square blocks with 30 mm height were also made at 450 W laser power, 22.5 mm/s scan speed and 46.5 g/min feed rate. Top surface microstructures of the samples were examined using both optical and scanning electron microscopy (SEM). The average composition of the top surface of gradient structures was measured using a field emission SEM (FEI-SIRION) equipped with a "Genesis EDAX" energy-dispersive spectrometer (EDS). The hardness of gradient pins and laser processed 100% CoCrMo alloy was measured using Vickers microhardness tester (Leco, M-400G3) at 200 g load applied for 15 s.
In Vitro wear testing
In vitro wear testing was performed using 100% CoCrMo alloy pins (here after referred as P100) and gradient pins with 50, 70 and 86%
CoCrMo alloy on the top surface (here after referred as GP50, GP70 and GP86, respectively) rubbing against 3 mm thick square discs of UHMWPE and 100% CoCrMo alloy (here after referred as S100). The UHMWPE discs had dimensions of 25 mm × 25 mm × 3 mm, and 3 mm thick discs were cut from 18 × 18 mm square block of 100% CoCrMo alloy using a high pressure water jet. The top surface of the pins were machined to a radius of 40 mm and further ground using series of SiC grinding papers with various sizes up to 1200 grit. Samples were then polished on velvet cloth using a series of Al 2 O 3 powder up to 1 μm suspended in distilled water. Similar procedure was used to prepare the surfaces of UHMWPE and 100% CoCrMo alloy discs. Finally, just before wear testing, all the samples were ultrasonically cleaned in an alcohol bath. The surface roughness of each test samples was measured using a surface profilometer (SPN Technology, Goleta, CA).
Linear reciprocating spherical tip pin-on-disc wear testing, according to ASTM G133, was performed using a tribometer (NANOVEA, Microphotonics Inc., CA, USA) with pins having 40 mm radius of curvature rubbing against UHMWPE (metal-on-PE) and 100% CoCrMo alloy discs (metal-on-metal). A linear oscillatory motion 10 mm in length (the full cycle represents 20 mm of travel) with a speed 1000 mm/min was used. Wear tests were carried out in simulated body fluid at 37 ± 1°C to represent the biological environment in the body. The wear tests were performed with a normal load of 5 N for sliding distances of 1 and 3 km (equivalent to 150,000 cycles). The width of the wear track was measured using SEM images of worn pins and substrates, and from the known curvature of the pin and linear oscillatory stroke length the wear track volume was estimated. The wear rates of UHMWPE, 100% CoCrMo alloy and gradient sample pins were then calculated in mm 3 /Nm.
In Vitro metal ion release
At the conclusion of each wear test run, the remaining SBF was collected and analyzed for Co ion concentration. The resulting sample volumes varied from 50 ml to 200 ml. Each sample was treated with 5 ml 1 N hydrochloric acid and 1 ml concentrated nitric acid. The liquid volumes were reduced to below 30 ml on a hot plate. Samples were removed after the solution turned yellow or when they were reduced to 15 ml. Then, deionized water was added to the samples to increase the volume to 100 ml. This vigorous digestion process was used to ensure that all the Co was fully ionized prior to analyzing the samples by flame atomic absorption spectrometry (AAS). The concentration of Co in the samples was analyzed on a Shimadzu 6300 flame AAS with a cobalt lamp. Each sample was analyzed twice with an average taken unless they differed by more than 5% than a third aliquot was analyzed and the closest two were averaged. Each measurement was taken for 5 s with a 20 s stabilization period prior to analysis. A linear 5 point standard curve at 0, 0.1, 0.2, 0.5 and 1.0 ppm of cobalt was used. A method spike standard curve was also prepared to ensure that the SBF matrix did not cause interference with the determination of cobalt concentrations. A blank was also analyzed in AAS for every 10 samples to ensure baseline stability.
Results and discussion
In vitro wear rate or wear coefficient, in mm 3 /Nm, of pin and substrate materials was calculated from wear track dimensions measured using SEM images of worn pins and substrates. Fig. 1 shows the wear coefficient of UHMWPE discs tested against gradient metal pins with varying concentration of CoCrMo alloy on the top surface. Under present experimental conditions, the average wear coefficient of UHMWPE against metallic pins varied between 1.70 × 10 −6 mm 3 /Nm and 9.35 × 10 −6 mm 3 /Nm. No detectable wear or wear tracks were observed on the metallic pins. However, occasional scratches were found on the pin surface. For all metal-on-PE combinations, the wear coefficient decreased with an increase in the sliding distance. The high wear coefficients during initial 1000 m sliding distance is due to higher initial running-in wear. With an increase in the sliding distance, the system enters in to a steady-state wear regime, during this period the wear rate gradually decreases and reaches a constant value. A similar decrease in the wear coefficient with an increase in sliding distance has been reported earlier [20, 21] .
No significant difference in the wear rate of UHMWPE was observed when tested with P100 pin, GP70 and GP86 pins. However, tests with GP50 pins always resulted in higher wear rates of UHMWPE. Since the test conditions are same for all metal-on-PE couples, the observed differences in the wear coefficients of UHMWPE can be explained on the basis of the microstructural features present in the top surface of different pins. Top surface microstructural variation as a function of CoCrMo alloy concentration in graded pins is shown in Fig. 2 . As the CoCrMo alloy content increased, the most significant change in the micrographs was the decrease in the volume fraction of the Ti6Al4V alloy phase and the consequent increase in the volume fraction of CoCrMo alloy. Notable change was also observed in the morphology and scale of the CoCrMo alloy phase as the amount was increased. As shown in Fig. 2a , the GP50 pins exhibited a bimodal distribution of CoCrMo phase with large chunks of CoCrMo phase and some thin, continuous phase predominantly along Ti6Al4V alloy grain boundaries. With an increase in the concentration of CoCrMo alloy the grain boundary precipitation/phase was completely replaced by a two-phase microstructure. The laser processed 100% CoCrMo alloy (P100 and S100) showed very fine carbide precipitates in the interdendritic regions (Fig. 2c) . We hypothesize that the microstructure of GP50 pins with large chunks of hard CoCrMo alloy phase acted as isolated abrasive particles leading to local grooving and high wear rate of UHMWPE. Also, the local grooving resulted in large variations in the measured wear rates with GP50. Absence of chunks of isolated CoCrMo alloy phase in the pins with high concentration of CoCrMo eliminated the grooving due to large area of contact between the pin and the discs. These microstructural features decreased the wear rate of UHMWPE with increasing concentration of CoCrMo alloy on the top surface of the gradient pins. Further, the observed microstructural differences between the gradient pins resulted in some variation in the surface roughness of the as-polished gradient pins before wear testing. The average surface roughness of P100/S100 was found to be 5 ± 0.4 μm and the gradient pins showed an average surface roughness of 5.4 ± 0.3 μm, 6.2 ±0.4 μm and 7 ± 0.9 μm for GP86, GP70 and GP50, respectively. Therefore, the large chunks of hard CoCrMo alloy phase in GP50 pins resulted in a high wear rate of UHMWPE due to its high average surface roughness compared to other gradient pins.
Typical wear track morphologies of UHMWPE discs are shown in Fig. 3 . It can be seen from Fig. 3a that specimens tested with a sliding distance of 1000 m show the presence of heavy wear tracks/grooves on their worn surfaces and at 3000 m the wear tracks were shallow and smoother (Fig. 3b) indicating lower wear rates at 3000 m. It is also important to note that the no significant grooving was observed on the worn specimens when tested with P100 or GP86 pins (Fig. 3c) . The observed results suggest that the wear rate of UHMWPE during articulation against metal primarily depends on microstructural features such as morphology and distribution of hard phase within the matrix, which controls the surface roughness of gradient pins during polishing. Also, the wear rate of UHMWPE does not change significantly, compared to P100 (100% CoCrMo alloy), when tested against the new articulating surfaces developed in the present work, especially with CoCrMo alloy concentrations ≥70%.
Although, the wear performance of present gradient structures, with ≥70% CoCrMo on top, against UHMWPE was comparable with that of P100 (100% CoCrMo alloy), the newly developed articulating surfaces might show superior wear characteristics during metal-on-metal articulation. As stated earlier, the real benefits of present gradient/ unitized structures come from their use as a metal-on-metal configuration, which include the ability to use larger femoral head diameter to increase the range of motion and reduce the risk of dislocation [14, 15] . To evaluate this hypothesis, the pins with varying concentrations of CoCrMo on top were tested against laser processed S100 (100% CoCrMo   Fig. 4 . Wear rate of laser processed P100 and CoCrMo-Ti6Al4V alloy gradient pins. alloy) discs. The wear rate of gradient pins and P100 pins under metalon-metal articulating condition i.e., pins rubbing against laser processed 100% CoCrMo alloy discs, is shown in Fig. 4 . For both the sliding distances of 1000 m and 3000 m, P100 pins always showed highest wear rate between 6.480 × 10 /Nm was observed for GP86 pins. The wear rate was found to increase with a decrease in the top surface CoCrMo alloy concentration; however the difference was observed to decrease with an increase in the sliding distance. These results correlate well with the observed top surface hardness of various pins. The average top surface hardness of gradient pins increased from 615 ± 38 HV (GP50) to 739 ± 25 HV (GP70) to 957 ± 32HV (GP86) with an increase in the CoCrMo concentration. Therefore, the wear rate decreased with an increase in the CoCrMo alloy concentration of the pin's surface. Also, the hardness of these gradient pins was significantly higher than the average hardness of laser processed 100% CoCrMo alloy discs/pins (S100 and P100), which was 361 ± 11 HV. Similar hardness of P100 pins with that of S100 disc resulted in higher wear of P100 pins compared to that of gradients pins with harder top surface. These wear test results show that present laser processed gradient structures have superior wear resistance up to 1000 m and comparable, if not better, wear resistance up to 3000 m than that of 100% CoCrMo alloy. Fig. 5 shows the wear rate of S100 discs tested for 3000 m against P100 pins and gradient pins. The wear rate of the substrate was high when tested against gradient pins and the wear rate increased with a decrease in the CoCrMo alloy concentration in the pin's top surface. This trend is similar to that observed for UHMWPE and can be directly correlated with the microstructural features and consequent surface roughness of the pins. From the experimental data it appears that the wear rate of discs (100% CoCrMo alloy) depends on the hardness and microstructural features of articulating surfaces. With P100 and S100 combination the similar hardness and microstructural features of both the articulating surfaces resulted in lower wear rates of S100. However, the wear rate of S100 discs during articulation against gradient pins found to strongly depend Fig. 6 . Typical morphologies of wear tracks observed during metal-on-metal wear testing (a) on GP50 pin, 1000 m (b) on GP86 pin, 1000 m, (c) on S100 substrate tested with GP50 pin, 3000 m, and (d) on S100 substrate tested with GP86 pin, 3000 m. on the microstructural features of gradient pins. Although the hardness of GP50 is less than GP86/GP70 the large chunks of hard CoCrMo alloy phase in GP50 pins resulted in a high wear rate of S100 due to its high average surface roughness compared to other gradient pins. Fig. 6 shows typical wear track morphologies of CoCrMo-Ti6Al4V alloy gradient pins and S100 discs during metal-on-metal wear testing. The wear tracks of GP50 pins (Fig. 6a) showed deep scratches with large chunks of hard CoCrMo alloy phase projecting out of soft Ti6Al4V alloy phase, which was worn during wear testing. However, GP86 pins, due to their relatively uniform microstructural features, showed no deep scratches and the wear track was smoother than observed on GP50 pins. The deeper wear tracks of GP50 pins compared to GP86 pins supports their higher wear rate than that of GP86 pins (Fig. 4) . The wear track morphologies of S100, shown in Fig. 6c and d, are similar to those observed on UHMWPE -heavy wear tracks/groves when tested with GP50 pins, and no significant grooving when tested with GP86 pins. The metal-on-metal wear morphologies also suggest that the wear rate of counter articulating surface depends on the morphology and distribution of hard phase within the matrix. Table 1 shows the concentration of Co in SBF for metal-on-metal and metal-on-UHMWPE couples after wear testing. As expected the Co release was high during metal-on-metal wear testing compared to that of metal-on-UHMWPE. The Co concentration was found to be in the range of 0.25 and 0.91 ppm for metal-on-metal articulation. After 3000 m of sliding the Co concentration was slightly higher for gradient pins than observed with laser processed 100% CoCrMo alloy pins. This is intuitive, as the wear of S100 discs was high when tested with gradient pins due to their relatively high hardness than the discs. The higher concentration of Co in the SBF for gradients pins with GP50 pins is also attributed to the high wear rate of these pins and respective S100 discs. It is also important to note that the present Co concentrations in SBF were significantly lower than observed during a previous study on the pin-on-disc wear testing of CoCrMo alloys [22] , where the reported Co concentration was between 2 and 13 ppm. Therefore, the present CoCrMo-Ti6Al4V alloy gradient structures showed enhanced in vitro wear resistance with a decrease in Co ion release.
Conclusions
Compositionally graded hard and wear-resistant CoCrMo alloy coatings on porous Ti6Al4V alloy have been prepared using LENS™ process. In vitro wear testing of these gradient structures against UHMWPE discs showed comparable wear rates for both the gradient coatings and 100% CoCrMo alloy. The wear of UHMWPE was found to depend on microstructural features such as CoCrMo alloy phase morphology and distribution at the contact surface. For metal-onmetal articulation, the wear rates of gradient structures were low compared to that of 100% CoCrMo alloy due to their relatively high hardness. The wear rate of 100% CoCrMo alloy discs was found to be a combined effect of surface hardness and microstructural feature present in the top surface of gradient structures. Material combinations that resulted in a high amount of total wear also lead to a higher Co concentration in SBF after wear testing. The laser processed gradient structures with CoCrMo alloy concentrations ≥ 70%, having low wear rates of the order of 10 −8 mm 3 /Nm, show their potential to reduce wear-induced osteolysis when used in mono-block structures.
